Diazepam is often used as an adjuvant to pain therapy. Cytochrome P450 (CYP) 3A4 and 2C19 metabolize diazepam into the active metabolites: nordiazepam, temazepam and oxazepam. Owing to diazepam's side-effect profile, mortality risk and potential for drug -drug interactions with CYP 3A4 and/or CYP 2C19 inhibitors, urine drug testing (UDT) could be a helpful monitoring tool. This was a retrospective data analysis that evaluated urine specimens from pain management practices for the distribution of diazepam metabolites with and without CYP 3A4 and 2C19 inhibitors. Intersubject nordiazepam, temazepam and oxazepam geometric mean fractions were 0.16, 0.34 and 0.47, respectively. Intrasubject geometric mean fractions were 0.157, 0.311 and 0.494, respectively. Sex, but not age or urinary pH, had an effect on metabolite fractions. Methadone significantly increased temazepam and oxazepam urinary fractions via CYP3A4 inhibition, whereas fluoxetine and esomeprazole increased nordiazepam fractions via CYP2C19 inhibition. Although more studies are needed, these results suggest the viability of UDT for increased monitoring for therapy and possible drug -drug interactions.
Introduction
Diazepam is an adjuvant to opioid therapy to reduce pain-related anxiety and to treat muscle spasms in patients with pain. It is metabolized to nordiazepam by cytochrome P450 (CYP) 2C19 or to temazepam by CYP 3A4 (1) . These metabolites are biotransformed to oxazepam by hydroxylation or demethylation ( Figure 1 ) (2, 3) . Nordiazepam, temazepam and oxazepam are pharmacologically active, and the latter two metabolites are commercially available medications. Diazepam and its metabolites bind to the gammaaminobutyric acid (GABA) receptor to enhance GABA transmission and affect downstream processes (1, 4) .
Concern is increasing over the potential for benzodiazepine dependence and the difficulty of weaning patients off of benzodiazepines. Diazepam has a long, variable half-life (20-50 h), which can result in prolonged sedation, ataxia, confusion, psychoses, hypotension, tremor and decreased respiratory rate. Many patients may resist discontinuing benzodiazepines because of the strong anxiolytic effects, high-dependent properties and fear of withdrawal symptoms. Withdrawal symptoms, including nausea, vomiting, anxiety, insomnia and tremor, can occur with medication courses as short as 2 weeks (5) . When patients use diazepam with opioids, a common practice in pain patients, the potential for overdose and death is increased (6) , and this particular combination was the most common cause of polysubstance overdose death in the USA from 2005 to 2009 (7) . Studies conflict regarding the mechanism behind the interaction between benzodiazepines and opioids. Possibly, the pharmacodynamic interaction enhances and reinforces the reward pathway and euphoric feelings activated by the opioids, which can lead to increased abuse and potential overdose (8) . Consequently, benzodiazepine monitoring is highly encouraged.
Benzodiazepines are also susceptible to CYP-mediated drugdrug interactions. Polymorphisms in CYP genes and drugs that inhibit CYP have exerted clinical and pharmacokinetic effects on diazepam and related benzodiazepines. Subjects with increased CYP 2C19 metabolism will emerge more quickly from general anesthesia induced by diazepam and sevoflurane (9) . CYP 3A4 and 2C19 inhibitors increase plasma concentrations of diazepam and other benzodiazepines when co-administered (10) (11) (12) (13) . The clinical implication of the increased plasma concentrations is not well characterized and can be contradictory. For example, increased sedation has been reported when diazepam or other benzodiazepines were co-administered with CYP inhibitors (14) . In contrast, some report no psychomotor dysfunction with increased plasma concentrations of benzodiazepines (11, 15) . Since CYP 3A4 and CYP 2C19 inhibitors are commonly used, concurrent medication effects on diazepam disposition should be monitored.
Non-invasive urine testing may be preferred for monitoring diazepam use. Although extensive studies describe diazepam and its metabolites in the blood (5, 16, 17) , data on urinary values are limited and conflicting. Some studies report that temazepam is the primary urinary metabolite (18, 19) , while others report that oxazepam is the primary metabolite (20, 21) . In addition, standard concentrations of diazepam metabolites in the urine are not known (18) (19) (20) (21) . Furthermore, nordiazepam has been established as the primary metabolite in blood (5, 16) .
The aim of this retrospective data analysis was to examine urinary distribution of diazepam metabolites in a population of pain patients reported to be on diazepam and not any of its metabolites. The study also investigated the effects of CYP 3A4 and 2C19 substrates and inhibitors on the urinary distribution of diazepam metabolites.
Methods

Subject selection
The study was granted Institutional Review Board-exempt status by the University of California, San Diego Human Research Protection Program. Specimens collected between March 2008 and May 2011 were de-identified, and 927, 772 specimens with creatinine concentrations .20 mg/dL were screened for inclusion.
Inclusion criteria
(i) Specimens with creatinine concentrations .20 mg/dL were used to ensure the validity of the urine specimen (22) .
(ii) Physician reported that the patient was taking diazepam and not any of the diazepam metabolites (nordiazepam, temazepam and/or oxazepam). (iii) The specimen had detectable concentrations of at least one of the three diazepam metabolites. All values below the instrument cut-off were evaluated as zeros.
Additional inclusion criterion for intersubject analyses (i) Single specimens from each subject's first or only visit were used.
Additional inclusion criterion for intrasubject analyses (i) The subject had five or more urine specimens from different clinic visits.
Additional inclusion criteria for the CYP substrates/ inhibitor analyses (i) Only specimens from each subject's first or only visit were used. (ii) The subject was also taking a CYP substrate or inhibitor as defined by the Flockhart CYP Drug Interactions Table and the FDA (23, 24) . (a) Only strong or moderate CYP3A4 inhibitors were included. All CYP2C19 inhibitors were included (Table I) .
Specimen collection
Urine specimens were collected from physician clinics monitoring patients on opioid therapy in accordance with established guidelines (5, 25) . Specimens were shipped at room temperature by overnight courier. In some cases, urine specimens were refrigerated until shipment. Upon arrival, liquid chromatography-tandem mass spectrometry (LC -MS-MS) without prior immunoassay screening was conducted to detect a wide variety of drugs and drug metabolites.
Analytical procedures
An Agilent 1200 series binary pump SL Liquid Chromatography system, well plate sampler, thermostatted column compartment, paired with an Agilent 6410 QQQ mass spectrometer and Agilent Mass Hunter software were used for the analysis of all drugs. An acetonitrile -aqueous formic acid gradient ran at 0.4 mL/min. A 2.1 Â 50 mm, 1.8 mm Zorbax SB C 18 column was used for chromatography. The column temperature was 508C. Mobile phase A ¼ 0.1% formic acid in water and B ¼ 0.1% formic acid in acetonitrile. The Agilent 6410 Triple Quadrupole mass spectrometer was used in the positive electrospray ionization mode. The nitrogen drying gas temperature was 3508C, the flow was 12 L/min, nebulizer gas (nitrogen) pressure was 40 psi and the capillary voltage was 3,000 V. Dwell times were 50 ms. HPLC-grade water, acetonitrile, methanol and HPLC-grade formic acid were obtained from VWR (Westchester, PA, USA). Transition ions can be found in Table II . Ion ratios for the qualifier ions were accepted if the variance was ,20% from the target value. Deuterated internal standards of 100 mg/mL in methanol were obtained from Cerilliant Corporation (Round Rock, TX, USA). Calibration solutions of nordiazepam at 40, 400, 2,560 and 5,120 ng/mL; temazepam at 50, 500, 3,200 and 6,400 ng/mL; and oxazepam at 40, 400, 2,560 and 5,120 ng/mL were prepared by diluting the standards into synthetic urine (Microgenics Corp., Fremont, CA, USA). Deuterated internal standards were added to calibration solutions and to subject specimens to a final concentration of 1,200 ng/mL. Quality control specimens of 100 and 1,000 ng/mL were placed in each run. Upper limits of linearity were 100,000 ng/mL for all the analytes, determined by the dilution of the Cerilliant-certified standards into synthetic urine (Microgenics negative control). Quantitation of specimens with concentrations .100,000 ng/mL was estimated through linear extrapolation.
Ion suppression was corrected by use of the deuterated internal standards. Specific experiments in accordance with the experiments in Pesce et al. (26) were conducted to rule out large variances due to ion suppression. Efficiency of the hydrolysis procedure was determined with morphine glucuronide controls set at 1,000 and 100 ng/mL. Morphine was used because this assay tests for the presence of multiple drugs that are glucuronidated. Hydrolysis of the control material was considered acceptable if the value of the recovered morphine was .90% of the nominal concentration.
Specimens were prepared for injection by incubating 25 mL of urine with 50 units of b-glucuronidase Type L-II from Patella vulgata (keyhole limpet) Sigma Product number G 8132 (Sigma-Aldrich Corp., Saint Louis, MO, USA) in 50 mL of 0.4 M ( pH 4.5) acetate buffer for 3 h at 458C. Samples were centrifuged for 10 min at 3,000 rpm to remove turbidity. Five microliters of the specimen were injected using a CT-PAL HTS injection device (CTC Analytics AG, Switzerland).
The interassay coefficient of variation (% CV) for all the analytes at the low and high ends of the quantification curve was 15%. At 1,000 ng/mL, the coefficients of variation for nordiazepam, oxazepam and temazepam were 10.6, 7.5 and 4.5%, respectively, based on the analysis of .100 runs. Similarly, at 100 ng/mL, the coefficients of variation for nordiazepam, oxazepam and temazepam were 13.7, 8.5 and 6.1%, respectively. The allowed variance for the quantitative determination in these surveys is ,20%. All quantitative data were obtained from calibration curves with R 2 . 0.95. Most were 0.99. The lower limits of quantitation for diazepam, nordiazepam and oxazepam were 40, 50 and 40 ng/mL, respectively.
Statistical analysis
Statistical analyses were performed using OriginPro 8.5.1 (OriginLab, Northampton, MA, USA) and Microsoft Excel 2010 (Microsoft Corp., Redmond, WA, USA). Urine data were creatinine-corrected to account for variable body mass, hydration status and daily water intake (27) . Owing to the low urinary excretion of diazepam (17) , metabolite fractions were used to assess urinary diazepam metabolite excretion. The fraction of each metabolite to the total moles of excreted diazepam metabolites and that of each metabolite to the other metabolites were calculated. Logarithmic values were used to approximate a Gaussian distribution. Two-sided two-sample t-tests were used to determine any statistically significant differences. 
Results
Intersubject analysis
The log distribution of the fraction of nordiazepam, temazepam and oxazepam from 22,509 specimens from unique subjects approximated a Gaussian distribution ( Figure 2 Figure 3A and B) . Approximately 13.2% did not have all three metabolites in urine. To determine the characteristics of this group, the data were stratified for total moles ( Figure 3C ). The urine specimens of this population with one or more of the undetectable metabolites also had low total excreted moles.
Semi-logarithmic scatterplots of the total excreted moles of diazepam metabolites vs. each metabolite fraction demonstrated no relationship. A linear fit for each metabolite fraction showed that slopes were close to zero and R 2 , 0.15. Age was not related to metabolite concentrations for any of the diazepam metabolites. Urinary pH and the fraction of diazepam metabolite also demonstrated no statistically significant association.
Urinary excretion of diazepam metabolites was compared between females (n ¼ 12,026) and males (n ¼ 9,763). The geometric mean fraction of nordiazepam in females was 0.157 (95% confidence interval [95% CI] 0.155-0.158), which was 4.8% lower than those in males, 0.165 (95% CI 0.160-0.164; P , 0.01). The temazepam fraction in females was 0.337 (95% CI 0.334-0.339), which was 7.4% higher than in males, at 0.312 (95% CI 0.309-0.315; P , 0.00001). The oxazepam fraction in females was 0.452 (95% CI 0.381-0.573), 4.0% lower than the fraction in males, at 0.471 (95% CI 0.397-0.603; P , 0.00001). 
CYP substrate and inhibitor analyses
Subjects taking concurrent diazepam with CYP3A4 substrates (n ¼ 3,477), strong or moderate CYP3A4 inhibitors (n ¼ 93), or no CYP3A4 substrates/inhibitors (n ¼ 18,218) were compared. Significant but very slight differences in nordiazepam and oxazepam fractions were seen for those on CYP3A4 substrates. Significant differences in temazepam and oxazepam fractions were noted for those on CYP3A4 inhibitors (Table III) . When individual CYP3A4 substrates and inhibitors were evaluated, only subjects taking methadone were significantly different from controls.
For the CYP2C19 and diazepam analyses, 1,175 subjects took CYP2C19 substrates, 1,770 took CYP2C19 inhibitors and 18,844 were not on any CYP2C19 substrates/inhibitors. The geometric mean fraction of temazepam was significantly different for those on CYP2C19 substrates. The nordiazepam and temazepam fractions were significantly different for those on CYP2C19 inhibitors. Of the individual CYP2C19 substrates/inhibitors, only fluoxetine and esomeprazole demonstrated significant differences from controls (Table III) . Thirty-six subjects were concurrently on both CYP3A4 and CYP2C19 substrates and/or inhibitors with diazepam and were compared with 16,138 control subjects not on any CYP3A4/CYP2C19 substrates/inhibitors. The temazepam and oxazepam fractions were significantly different in this population (Table III) .
Discussion
Intersubject analysis
In this study, oxazepam comprised the largest fraction of urinary diazepam metabolite, while nordiazepam was the smallest.
These findings support both Schwartz and Smith-Kielland's data on oxazepam being the major urinary metabolite of diazepam (20, 21) but contrast with Arnold and Chiba, who found the major metabolite to be temazepam (18, 19) . The wide variation in prior studies could be due to varied study designs and small sample sizes (from 2 to 27 subjects), which may not represent the general population when compared with the 22,509 subjects in this study. Prior studies included young, healthy subjects, while this study had a wide range of patient ages and co-morbidities. In addition, this study utilized LC-MS-MS to quantify urine concentrations, whereas previous studies utilized liquid and thin-layer chromatography. Specimens were creatinine-corrected in the current study, which was not reported in past studies (18) (19) (20) (21) .
Although the distributions of the three metabolites overlap, the mean fraction of each metabolite was significantly different from each other. The % CV was greatest for nordiazepam and least for oxazepam. The increased variability of the nordiazepam fraction could result from the polymorphic CYP enzymes involved in the formation of nordiazepam (10) .
Even though log-transformed distributions of metabolites approximate Gaussian distributions, a group of specimens (n ¼ 1,580, 7%) had an oxazepam fraction equal to 1, and contained exclusively oxazepam. When analyzed with Grubb's outlier test, these data were not significant outliers. The findings were similar whether these specimens were included or excluded.
Most of the population had all three metabolites detectable in urine. However, 13.2% did not have one or more of the diazepam metabolites. When stratifying for total moles of excreted metabolite, these specimens appear to have low total excreted moles of metabolites, suggesting that these were collected at the beginning or end of a dosing interval. Most were likely collected near the end of a dosing interval due to the high number that had detectable oxazepam.
Potential factors influencing urinary diazepam and metabolites
One possible factor that could affect diazepam metabolism is the total moles of excreted metabolite. However, no relationship was seen between the total moles of excreted metabolite and the fraction of each metabolite. Although this does not preclude an effect of diazepam load on the metabolic system, this suggests that at therapeutic doses, the diazepam metabolic pathways are not saturated. Age and urinary pH do not appear to affect the fractions of metabolites. Although kidney function decreases with age (28), the distribution of metabolites in the urine remains unchanged. In addition, urinary diazepam excretion does not have any acidbase effects. Notable differences were seen, though, between females and males. Females had higher fractions of temazepam and lower fractions of nordiazepam and oxazepam compared with males. Females might have increased CYP3A4-mediated diazepam metabolism when compared with males. In prior studies with other drug compounds, females have demonstrated greater CYP3A4 activity, but this observation has not been confirmed with diazepam (29, 30) . The magnitude of differences between females and males was slight and no previous evidence has indicated differential clinical effects of diazepam between sexes, suggesting that the difference found in this study is too small to have clinical relevance.
Intrasubject vs. intersubject analyses
The intra-subject population had a similar diazepam distribution to the inter-subject population. The mean fractions were distinct from each other as seen from the non-overlapping 95% CIs between the intra-subject fractions of nordiazepam, temazepam and oxazepam. The oxazepam fraction was the largest at 0.50 and the nordiazepam fraction was the smallest at 0.17. The similarity to the inter-subject population suggests that the intersubject trends are also true for individual subjects. The lower intra-subject variability in the intra-subject population suggests that urinary diazepam excretion is more dependent on individual factors, such as CYP polymorphisms, instead of factors such as urinary pH.
CYP substrate and inhibitor analyses
With CYP3A4 substrates, the fraction of nordiazepam was lower, while the fraction of temazepam remained unchanged. The fraction of temazepam could theoretically decrease due to competition for binding sites with concurrent administration of a CYP3A4 substrate. However, the fraction of nordiazepam decreased instead with a slight increase in the fraction of oxazepam. Perhaps, the fraction of temazepam remained unchanged due to the high contribution of CYP3A4 in diazepam metabolism. Schmider et al. (31) postulated that CYP3A4 can constitute 60% of all diazepam metabolism in single-dose studies, and the percentage can be even greater in clinical practice with multiple doses. Thus, with a CYP3A4 substrate, the change in temazepam would be negligible due to the higher affinity of diazepam for CYP3A4. Alternatively, urinary fractions of temazepam may not be robust enough to detect subtle perturbations in CYP3A4 activity that would be expected with a CYP3A4 substrate. Another possibility is that, with the increased load on CYP3A4, the body might compensate by shunting the parent diazepam into the CYP2C19 pathway to form nordiazepam and quickly converts the nordiazepam into oxazepam, resulting in the small decrease in nordiazepam and increase in oxazepam.
On the other hand, when a strong or moderate CYP3A4 inhibitor was given, the temazepam fraction was lower and the oxazepam fraction higher. Since the CYP enzyme responsible for the formation of temazepam is inhibited, the end product cannot be formed as readily. Diazepam may be shunted into the CYP2C19 pathway to form more nordiazepam. However, the nordiazepam fraction did not change, suggesting that nordiazepam rapidly converts into oxazepam under conditions of CYP enzymatic stress. Perhaps, under high enzymatic stress, diazepam can also engage alternative metabolic pathways to bypass CYP3A4 inhibition. Minimal differences were found between individual CYP3A4 substrates and inhibitors when compared with the population without any concurrent CYP3A4 substrates or inhibitors, except for methadone, perhaps due to higher CYP affinity for methadone when compared with diazepam.
The minor decrease in the temazepam fraction with CYP 2C19 substrates may have been due to the increased load on CYP 2C19. CYP 2C19 may have large capacity and can handle the increased metabolic load of an additional CYP 2C19 substrate. With CYP 2C19 inhibitors, the nordiazepam fraction decreased and the temazepam fraction increased. When the CYP 2C19 enzyme is inhibited, less nordiazepam is made, possibly shifting the parent diazepam compound to the CYP 3A4 pathway instead. CYP 2C19 inhibitors have the greatest inhibition on the formation of temazepam in the blood when compared with that of nordiazepam (32, 33) , which appears to be echoed in urine. However, as with the CYP 2C19 substrates, changes in diazepam metabolites are minor, perhaps due to the large capacity of the CYP 2C19 pathway. When evaluating each individual CYP2C19 substrate and inhibitor, only fluoxetine and esomeprazole had significant changes.
Fluoxetine and esomeprazole are potent inhibitors of CYP2C19 (34, 35) . The changes seen with concurrent fluoxetine and diazepam administration shed additional light on the delirium side effect observed with concurrent administration of both drugs (10) . Another interesting finding is that omeprazole concurrently given with diazepam did not have any significant effect on the urinary metabolite disposition, even though it is thought to be a strong CYP 2C19 inhibitor (23) , has been shown to increase plasma concentrations of diazepam (10) and can potentially inhibit the CYP 3A family (36) . One possibility is that omeprazole's inhibition is time-and concentration-dependent, and that maximal CYP 2C19 inhibition was not attained.
When CYP 3A4 and 2C19 substrates and/or inhibitors were concurrently administered with diazepam, the nordiazepam fraction did not change, the temazepam fraction decreased and the oxazepam fraction increased. The effect seen with this particular medication pattern is similar to the effect seen with CYP 3A4 inhibitors and concurrent diazepam administration, except that the differences are much larger with both a CYP 3A4 and a 2C19 substrate and/or inhibitor. This suggests that CYP 3A4 plays a larger role in diazepam metabolism than CYP 2C19, especially since the inhibition pattern more closely resembles that seen with CYP 3A4 inhibitors.
The clinical implications of the shifts in urinary diazepam are not well understood. Plasma concentrations do not directly correlate with urine data in past studies. Furthermore, changes observed in urine may be too slight to have clinical relevance, especially since some previous studies did not observe effects on psychomotor function with increased benzodiazepine concentrations (11, 15) . Nevertheless, shifts in diazepam metabolism that are observed in urine tests with CYP substrates and inhibitors can be very helpful for clinicians, especially since the potential for unknown adverse drug interactions with CYP substrates/inhibitors is still a concern.
Limitations One study limitation is the lack of dosage data. Variations seen in the population may be due to external factors, differences in doses or both. There may also be variations due to the timing of the diazepam administration in relation to the CYP substrate/ inhibitor administration. Another limitation is the lack of plasma data to correlate with observed urine concentrations. Urine specimens were taken at variable times within the dosing regimen. A select population may be early or late in the dosing interval, resulting in different metabolite distributions when compared with the larger population. However, without definitive post-dose testing times, whether these subjects have different diazepam metabolite distributions due to the timing of specimen acquisition or inherent differences in diazepam metabolism is unknown. In addition, the medication list was reported by physicians and was not independently verified by a third party. The analysis could have included some subjects who were not on diazepam or the studied CYP substrates/inhibitors. Some subjects included in the study may have also been on diazepam metabolites that were unreported by the patient to the physician. Some subjects who were actually taking diazepam may also have been excluded from the study on the basis of the physician-reported medication. In addition, the CYP genotypes for 3A4 and 2C19 were not known for each subject.
Although these limitations are important, several caveats also need to be considered when interpreting these limitations. While the dosing data for diazepam and the co-administered medications are lacking, out of the total population analyzed, only 13.2% of the subjects did not have all three diazepam metabolites detectable in the urine ( Figure 3A) . Subjects without all three compounds detected in urine would most likely consist of subjects with urine samples drawn early in the dosing interval or late in the dosing interval, or subjects who actually only took one of the diazepam metabolites instead of diazepam. This population is small compared with the larger population with urine samples containing all three metabolites. In addition, diazepam's long half-life (20-50 h) may diminish the consequence of diazepam administration timing, especially in the context of multiple doses, in the metabolic pathway. Even though the CYP genotype is unknown and has theoretical implications for diazepam metabolism, there also has not yet been any data to indicate the clinical relevance of CYP polymorphisms in diazepam metabolism. Although these limitations must be taken into consideration when interpreting the results, advantages of this study were a large sample size and sensitive, comprehensive drug and metabolite assay results within each subject. In addition, the results may reflect the type of uncontrolled situations in which clinicians would normally practice. Thus, despite the aforementioned limitations, the results still have practical applicability.
Conclusions
This study described urinary distribution of diazepam metabolites in a large sample of pain patients. Unlike previous studies, oxazepam was the largest fraction and nordiazepam was the smallest fraction. These trends were seen in the majority of the inter-and intra-subject population, suggesting that this particular pattern of diazepam excretion can potentially be extrapolated to the general population. In addition, the variability in diazepam urinary excretion may be affected more by inherent subject-specific factors such as genetic polymorphisms in CYP enzymes when compared with changing factors such as urinary pH. However, the inter-and intra-subject mean fractions of metabolites were similar, which suggests that the current guidelines for diazepam administration which do not take genetics, sex or other factors into consideration should be applicable to most patients. Furthermore, although this study was not able to make direct links between the urine data and plasma concentrations, it was possible to observe changes in the diazepam metabolism as a result of co-medications. Thus, urine testing remains viable as a potential tool, in conjunction with other medication monitoring techniques, for clinicians to monitor their patients for potential adverse effects. These results can serve as guideposts for clinicians interpreting urine test results for diazepam. By knowing how their patient compares with the general population, clinicians can better adjust therapy for each patient's needs, especially in light of the difficulty of weaning patients off of diazepam and the potential for drug -drug interactions in patients on multiple medications.
